The importance of tunnelling in the formation of CO 2 from O( 3 P) + CO at very low temperatures is studied with harmonic quantum transition state theory. To optimize the quantum transition state, we have used both fitted potential energy surfaces and direct dynamics, where forces and energies are calculated by a quantum chemistry code on the fly as they are needed.
I N T RO D U C T I O N
Solid CO 2 has been observed in high abundances (10-50 per cent with respect to water ice) towards various objects with the Infrared Space Observatory (van Dishoeck 2004; Dartois 2005) . The high solid to gas phase ratio of CO 2 in comparison with that of CO (van Dishoeck et al. 1996; Boonman et al. 2003) indicates that most of the interstellar CO 2 is formed on dust grains rather than in the gas phase. Solid CO 2 can be efficiently formed from particle or ultraviolet (UV) irradiation of CO and CO/H 2 O ices (d 'Hendecourt et al. 1986; Grim et al. 1989; Moore, Khanna & Donn 1991; Gerakines, Schutte & Ehrenfreund 1996) . However, solid CO 2 is also observed in high abundances in quiescent dark clouds, implying that CO 2 is formed efficiently on dust grain surfaces without energizing or ionizing events (Whittet et al. 1998 (Whittet et al. , 2007 (Whittet et al. , 2009 .
The most straightforward formation mechanism of solid CO 2 on a dust grain is the addition of an oxygen atom in the ground state (O( 3 P)) to solid CO or adsorbed CO (Tielens & Hagen 1982) . The experimental activation barrier for this addition reaction is 1400-3600 K in the gas phase, although these values are often extracted from complicated reaction schemes (Tsang & Hampson 1986; Fujii et al. 1987) . Recent high-level CCSD(T)/cc-pV5Z calculations predict a gas phase barrier of 2970 K (Talbi, Chandler & Rohl 2006) . The same study predicted that there is no catalytic effect from the presence of two water molecules. There have been conflicting experimental results for the direct addition of oxygen atoms to solid E-mail: t.goumans@chem Fournier et al. (1979) found that CO 2 was formed efficiently in an argon matrix by the reaction of CO with O( 3 P) from photodissociated N 2 O. However, the irradiation of solid CO with cold oxygen atoms did not yield CO 2 Roser et al. 2001) , whilst CO 2 is formed efficiently if kinetically hot oxygen atoms are used (Madzunkov et al. 2006) , or if a water-capped Oirradiated CO ice is heated (Roser et al. 2001) .
Because the O( 3 P) + CO addition has a considerable activation barrier, two alternative pathways for CO 2 formation have been put forward (d 'Hendecourt et al. 1986; Ruffle & Herbst 2001) :
Both reactions have been studied previously in view of their importance in combustion chemistry (Baulch et al. 2005) . Reaction (2) is barrierless and yields either H + CO 2 or OH + CO at a rate of 5 × 10 −11 cm 3 molecule −1 s −1 in approximately equal amounts (Campbell & Handy 1978) . The characteristics of reaction (3), which proceeds via an energetic HOCO intermediate, have been studied extensively using both theory (Yu, Muckerman & Sears 2001; Chen & Marcus 2005; Fabian & Janoschek 2005; Song et al. 2006; Valero & Kroes 2006 , and references therein) and experiment (Frost, Sharkey & Smith 1993; Golden et al. 1998; Baulch et al. 2005 and references therein).
In (1) had to be lowered to 130 K in order to reproduce the CO 2 abundances observed towards Elias 16 (Ruffle & Herbst 2001) . Quantum mechanical tunnelling through the activation barrier could achieve such a strong lowering of the apparent activation barrier. Although tunnelling of heavy atoms such as oxygen normally is very weak, it has been recently observed for carbon atoms at very low temperatures (Zuev et al. 2003) .
We investigate here, using harmonic quantum transition state theory (HQTST), whether also oxygen could tunnel through the addition barrier to CO at the very low temperatures prevalent in quiescent dark clouds (10-20 K) such that it could contribute to the formation of interstellar CO 2 . HQTST has been shown to be quite accurate for systems that are analytically solvable and compares favourably to accurate quantum dynamics calculations (Arnaldsson 2007) , as recently shown for the H + CH 4 reaction ).
We study the gas phase reaction O( 3 P) + CO, which in a recent quantum chemical study was found to be taking place on the triplet potential energy surface (PES) that is hardly perturbed by an icy matrix (Talbi et al. 2006) . Once the reactants have traversed the barrier region, the excited CO 2 ( 3 B 2 ) molecule thus formed can relax by collisions within the ice and eventually by emitting a photon reach the ground singlet electronic ground state of CO 2 (Fournier et al. 1979 ).
C O M P U TAT I O NA L M E T H O D O L O G Y

Harmonic quantum transition state theory
In the HQTST approximation the transition state is treated with quantum statistical mechanics, with a harmonic expansion of the modes orthogonal to the transition mode (Arnaldsson 2007; Andersson et al. 2009 ). HQTST is a novel implementation by Arnaldsson and Jónsson (Arnaldsson 2007 ) of the instanton theory developed independently by Miller (1975) and Coleman (Callan & Coleman 1977; Coleman 1977) in the 1970s from work in chemical physics and quantum field theory, respectively. It is also equivalent to the ImF ('imaginary free energy') method developed by Affleck (1981) .
The quantum partition function of the transition state is evaluated through a discretization of the closed Feynman path (CFP) where P classical particles are connected via temperature-dependent springs (for details see Arnaldsson 2007; Andersson et al. 2009 ). The optimization of this quantum transition state (qTS), or instanton, is then equivalent to finding a first-order saddle point on a N × P dimensional PES, with N the degrees of freedom of the classical system. The qTS is a saddle point on the minimum Euclidean action path, just as the classical TS is a saddle point on the minimum energy path. We assure that the HQTST rates are converged with respect to the number of images P in the CFP; typically 10 images are sufficient near the onset of tunnelling while 100s of images are necessary around 10 K.
We optimize the qTSs with the Lanczos algorithm, which is efficient for systems where only forces and no Hessian information is available (Olsen et al. 2004 ). This works efficiently for fitted PES with analytic energies and forces. We have also interfaced the HQTST code with ChemShell (Sherwood et al. 2003) , so that the qTS can be optimized with 'direct dynamics' (Goumans & Kaestner 2010) , where during the optimization of the qTS the energies and forces are obtained on the fly as they are needed from external quantum chemistry codes or even from hybrid quantum mechanics/molecular mechanics calculations.
Potential energy surfaces
Since the ground state of the oxygen atom ( 3 P) is nearly 2 eV (23 000 K) lower in energy than its first excited state ( 1 D), in dark clouds O and CO are likely to react on the triplet PES, even though CO 2 has a singlet ground state. The addition of an excited singlet oxygen atom to CO is barrierless, but on the triplet PES there is a barrier, with an O . . . CO distance ∼1.9 Å and an OCO angle of ∼120
• . At this geometry, the singlet PES is still much higher in energy (Talbi et al. 2006) , and the O + CO addition reaction thus hops over or tunnels through the barrier on the triplet PES. After the system has crossed the barrier on the triplet PES, the bent triplet CO 2 can relax to the linear singlet ground state of CO 2 by collisions within the ice and photon emission.
To calculate the tunnelling probability for the O( 3 P) + CO reaction we started with the analytical PES of Braunstein & Duff (2000) based on CASPT2 calculations on the lowest 3 A electronic state. However, this PES has an artificially deep van der Waals well (1440 K) at the wrong (non-linear) geometry, which is probably an artefact of the fitting. Whilst the erroneous description of the long-range interactions will not affect high-energy dynamics on this PES, it could strongly influence dynamics at low temperatures (Balakrishnan & Dalgarno 2001) . Therefore, we have fitted PESs to 867 single point energies at the MRACPF and CCSD(T) levels with an extrapolation to the complete basis set (CBS) level with augcc-pVTZ and aug-cc-pVQZ basis sets (Schwenke 2005) , assuming same scaling factors (aug-cc-pVQZ -aug-cc-pVTZ )/aug-cc-pVTZ for CCSD(T) and MRACPF calculations as suggested by Peterson, Shepler & Singleton (2007) . CCSD(T) and MRACPF calculations were performed with Molpro (Werner et al. 2008) for the lowest 3 A electronic state.
The fits (Aguado, Tablero & Paniagua 1998) were performed with a 10-exponential fit of the CO and O 2 ( 3 − g ) diatomic potentials to 40 and 81 MRACPF/CBS energies, and with six and seven exponentials in the polynomial expansion of the three-body potential for the 867 CCSD(T) and MRACPF points, respectively.
The rms deviations of the fitted PES from the calculated points were 714 K for the CCSD(T) PES and 829 K for the MRACPF PES. The calculated barriers at the CCSD(T)/CBS and MRACPF/CBS levels are 2790 and 3550 K, but those on the fitted PES are much lower at 2220 and 2640 K, respectively. Moreover, the CCSD(T)/aug-cc-pVTZ imaginary frequency of the transition mode is much higher (426i cm −1 ) than that of the fitted PES (291i cm −1 ). These deviations of the fitted PES from those calculated will affect the tunnelling behaviour: the lower barrier will increase the tunnelling probability whilst the weaker curvature of the transition mode will decrease it. A more accurate fit is necessary to warrant a more quantitative insight in the low-temperature behaviour for this reaction, but the results presented below will give sufficient qualitative insights to evaluate reactivity within an astrochemical context.
We have also studied the tunnelling for the O( 3 P) + CO reaction with direct dynamics employing density functional theory (DFT) at the MPWB1K/6-311+G * level, which gives a reasonable activation energy (2500 K) and imaginary frequency (398i cm −1 ) compared to CCSD(T), as already noted previously (Goumans, Uppal & Brown 2008) . We used NWChem (Bylaska et al. 2007 ) as an external QM program, but analytical frequency calculations of the individual images were performed with Gaussian 03 (Frisch et al. 2004 ). The direct dynamics approach has the advantage that forces and energies are calculated on the fly, and therefore it does not require that for every reaction studied a PES has to be constructed, nor does it suffer from artefacts arising from the analytic fitting of the PES. However, the HQTST methodology requires a large number of force calls, which for a QM code are computationally much more demanding for a direct dynamics approach than those for a fitted PES.
R E S U LT S
The temperature at which tunnelling becomes the dominant transition mechanism with respect to over the barrier hopping is the crossover temperature T c , which depends on the curvature of the instable mode at the classical saddle point: T c = ω * /2πk, with and k Planck's constant and Boltzmann's constant and ω * the imaginary frequency of the TS (Benderskii, Makarov & Wight 1994) . For transition modes that are essentially heavy atom movements, such as for the O( 3 P) + CO reaction, the large reduced mass implies a low imaginary frequency and therefore a low T c . For instance, at the MPWB1K/6-311+G * level T c is 91 K. The HQTST approximation is only applicable below this temperature, because above T c the CFP is collapsed to one point (Arnaldsson 2007; Andersson et al. 2009 ).
The qTS constitutes the dominant tunnelling path and it becomes more delocalized with decreasing temperatures, with the images on the CFP thus spreading further apart. At very low temperatures the qTS for O( 3 P) + CO is highly delocalized and extends all the way from the van der Waals well to close to the product 3 CO 2 (Fig. 1 ). All three heavy atoms are involved in the tunnelling motion through the very asymmetric barrier, as indicated by the higher density of images at the van der Waals side.
In the van der Waals complex O( 3 P) is bound at ∼3 Å at the C end of CO in a collinear arrangement (Fig. 1) . The MPWB1K van der Waals energy (258 K) is in surprisingly excellent agreement with the CCSD(T)/CBS value (252 K), even though it is known to describe weak interactions as well as activation barriers (Zhao & Truhlar 2005) . Because the qTS extends to this van der Waals well, the effective activation energy becomes negative around 25 K if we take the asymptote (O( 3 P) + CO at infinite distance) as a reference. Therefore, HQTST reaction rates are calculated as decomposition from this van der Waals complex: k uni ( 3 O . . . CO → 3 CO 2 ). In terms of the astrochemical context we tacitly assume that upon an encounter of O( 3 P) with CO adsorbed on a surface, a long-range 3 O . . . CO complex is formed that is thermally equilibrated before it will continue to form 3 CO 2 . We furthermore assume that the interaction of this 3 O . . . CO complex with the surface does not perturb the tunnelling path. To reconvert to bimolecular reaction rates one could describe the reaction as having a pre-equilibrium with a van der Waals complex intermediate:
To mimic the surface process we do not include rotational partition functions in our calculated HQTST rates, and for the bimolecular rates we calculate K eq from the energy difference (113 K) between the adsorption energy of the van der Waals complex and that of CO and O( 3 P) on a single water molecule (MPWB1K). If rotations were included, for a gas phase process, rates would hardly increase at very low temperatures to about half an order of magnitude around the T c . However, it is questionable that the pre-equilibrium condition would hold in the cold, dilute interstellar medium (ISM).
In Fig. 2 we plot the classical reaction rates for the 3 O . . . CO → 3 CO 2 reaction, alongside with HQTST rates for the MRACPF/CBS PES and direct dynamics at the MPWB1K/6-311+G * level, also with one water molecule interacting with the 3 O . . . CO complex. On the scale used in this plot, the classical rates are the same for the MRACPF/CBS, CCSD(T)/CBS and MPWB1K/6-311+G * * calculations. The HQTST rates deviate strongly from the classical, linear (Arrhenius) behaviour, giving rise to higher reaction rates due to tunnelling through the reaction barrier. The bimolecular reaction rates show a minimum in the rates around 20 K, behaviour that is typically observed in systems with a van der Waals complex where the (effective) activation barrier is submerged (Sabbah et al. 2007) .
It can be clearly seen that the HQTST rates differ significantly for the fitted MRACPF/CBS PES and the direct dynamics MPWB1K/6-311+G * * calculations. The HQTST rates on the fitted CCSD(T)/CBS PES are closer to the MPWB1K/6-311+G * * rates, due to a cancellation of the lower barrier of the fitted CCSD(T) PES (increasing tunnelling) and the lower imaginary frequency (decreasing tunnelling). To correctly describe reaction dynamics, both the energetics and the shape of the PES need to be accurate (Harding, Klippenstein & Jasper 2007) . While our fitted PESs are inaccurate in both these respects, we deem our MPWB1K/6-311+G * * direct dynamics calculations reasonably accurate in view of the good agreement of the properties of the classical TS with CCSD(T) calculations.
With this direct dynamics approach, it is possible to include one (or more) water molecule(s) in the HQTST rate calculations, while it would be exceedingly difficult to fit an accurate PES for this reaction. However, as Fig. 2 shows, one water molecule hardly affects the HQTST rate for the formation of CO 2 , and because the system is hardly perturbed (Talbi et al. 2006) more water molecules will not affect the rates either. For this system the HQTST breaks down below 40 K, because the qTS becomes a third-order saddle point with two imaginary modes corresponding to out-of-plane rotations of H atoms of the water molecule.
Even though tunnelling strongly increases the O( 3 P) + CO reaction rates at the low temperatures prevalent in dark clouds, the classical rate is already very low at the onset of tunnelling at the T c (10 −19.5 cm 3 molecule −1 s −1 at 80 K) so that the HQTST rates are still very slow. For instance, if we assume that every oxygen atom that lands on a 20 K dust grain would form a complex with an adsorbed CO molecule, this would only result in the formation of CO 2 once in every 250 yr, which is a very unlikely event, even at interstellar time-scales.
Rather, since a hydrogen atom lands on the grain roughly every day and scans its surface in a few seconds (Tielens & Hagen 1982) , the adsorbed 3 O . . . CO complex is vastly more likely to react with this hydrogen atom, which is a barrierless reaction. This would yield a hot [HO . . . CO] complex which in turn may evolve to yield CO 2 + H, OH + CO or a stabilized HOCO radical. The participation of energized intermediates in interstellar chemistry has recently been invoked to explain the experimental results for the formation of H 2 from chemisorbed hydrogen atoms on graphitic surfaces with gas phase hydrogen atoms (Cuppen & Hornekaer 2008) . In this 'dimermediated' reaction scheme an incoming hydrogen atom can adsorb barrierlessly on the position para to a previously chemisorbed hydrogen atom and thereby gain sufficient excess energy to overcome the barrier to yield gas phase H 2 .
Alternatively, an energized HO . . . CO intermediate could be formed from adsorbed CO reacting with ro-vibrationally hot OH, produced either by photolysis of H 2 O (Hama et al. 2009) or the H + O reaction (Bergeron et al. 2008) . We are currently investigating to what extent these reaction mechanisms could contribute to interstellar CO 2 formation.
A S T RO P H Y S I C A L C O N S E Q U E N C E S
We have investigated the influence of tunnelling on the O( 3 P) + CO reaction in view of its potential importance in the formation of interstellar CO 2 on the surface of dust grains. While even for this heavy-atom system tunnelling becomes important at very low temperatures, the tunnelling starts to affect reaction rates at temperatures where the classical rates are already very low. The rates are not significantly affected by the presence of one water molecule. Instead, we propose an alternative mechanism for the formation of solid interstellar CO 2 : rather than reacting with CO adsorbed on a cold dust grain, incoming gaseous O( 3 P) forms a long-range complex with CO with a O . . . CO binding energy of 258 K, incremented by lateral surface interactions. A subsequent incoming hydrogen atom can react with the surface-bound oxygen, which may easily lead to the formation of H + CO 2 as sufficient excess energy is available from this barrierless reaction to overcome potential entry or exit barriers in the complex HOCO reaction mechanism (Yu et al. 2001; Chen & Marcus 2005; Fabian & Janoschek 2005; Song et al. 2006; Valero & Kroes 2006) .
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